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IN A TURBOJET ENGINE

By John C. Freche and Williem J. Stelpflug

SUMMARY

An snalytical and experimental investigation of water-spray cooling
of turbine blades was conducted with a representative centrifugal-flow
engine (J35-Ar9)- The analytical part of the investigation provided an
indication of the gains in thrust available with spray cooling. This
analysis was conducted for & range of inlet-gas temperatures and engine
speeds gbove- the rated condition (inlet—gas temperature of 1670° F and
engine speed of 11,500 rpm). With the assumption of adequate spray
cooling at a coolant-to-gas flow ratio of 3 percent, calculations for the
sea~-level static condition indicated that a thrust increase of 40 percent
over rated thrust may be realized by engine operation at an inlet-gas
temperature of 2000° F and an overspeed of 10 percent. For these engine
operating conditions, the analysis further indicated that a combination of
compressor water injection and spray cooling will provide & thrust
increase of 52 percent with a total coolant-to-gas flow ratio of 7 per-

cent.

The experimentsl phase of the investigation was conducted with
several water-injection configurations, and data were obtained over a
range of engine speeds. Water-spray cooling did not appear satisfactory
for temporarily augmenting cooling at the leading and trailing edges of
air-cooled blades with the type of water-injection configurations used in
this investigation. -

Water-spray cooling for standard, solid, Haynes-Stellite 21 blades
resulted in an average midspan blade temperature of about 500° F, as
compared with an uncooled-blaede temperature of 1260° F, at a cooclant-to-
gas flow ratio of 0.0089 (2360 Ib/hr at rated speed of 11,500 rpm) with
inmer-diasphragm nozzles, the best configuration investigated. A tempera-
ture difference of about 600° F between the blade leading and trailing
edge occurred at this operating condition. No appreciasble redial temper-
ature difference was cbserved at the rated condition. Two blade failures,
one an instrumented blade with considersble blade metal removed, occurred
during rated-speed operation, probebly as a result of large temperature
differences along the blade chord. Calculations based on strength prop-
erties of the blade material and extrapolation of rated-speed spray-
cooling data indicated that a cooling-spray rate of 20 gallons per minute
vas required for epgine operation st an inlet-gas temperature of 2000° F
end an overspeed condition of 10 percent.
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INTRODUCTION

A liquid-cooling process in which the latent heat of vaporizstion of
water 1s utilized has excellent turbine-cooling possibilities. One method
of utilizing the letent heat of vaporization is direct injection of water
sprays into the gas stream thereby permitting impingement of the water
sprays on the heated rotor-blade surfaces. -Liquid boiling occurs upon
contact, thus effecting high hest-transfer rates. Since the coolant is
disslpated in the gas stream, the coolant supply must be constantly
replenished in order to provide continuous cooling. Stationary and pos-
glbly merine installations, when a large water supply can be provided
and minimum welght requirements are not so critical, lend themselves
readlly to & contlnuocus sprey-cooling applicatlon. TIn aircraft turbine-
engine installations in which an inexhaustsble water supply cannot be
provided and minimum weight is of primery importance, spray cooling is
necessarily limited to short-time gpplication. If large thrust increases
can be realized by use of spray cooling, however, even short-time appli-
cation would be desirsable to assist in sudden acceleration, take-off,
climb, or combat maneuvers.

Weter-spray cooling has been investigated with a static cascade and
a small~scale turbosupercharger (ref. 1). The investigation was designed
to determine the feasibility of applying spray cooling to turbines fabri-
cated from noncriticel materials for marine applicaetions. An adjustseble
spray bar was provided in a passage between adjacent stator blades which
permitted water injection in several directlons, upstream, downstream,
end cross channel with respect to the gas flow. The cooling effective-
ness achleved was not noticeegbly affected by the direction of water
injection. Substantlal blade temperature reductions were reported in
both the static cascade and the turbosupercharger investigations.
Because of the small blade size of the turbosupercharger, a single thermo-~
couple was provided at the blade midchord pdsition and complete tempera-
ture distributions around the blade could not be obtained.

Application of spray cooling to a full-scale turbojet engine wes
Investigated in England (refs. 2 to 4), and substantial blade temperature
reductlions were also reported. In these investigations the water spray
was directed downstream from the trailing edge of the stator blades, and
a range of engine speeds and coolant-to-gas flow rates was considered.
For the most severe opersating conditions encountered, at design speed and
an effective gas temperature of 1400 F, a temperature reduction of
613° F in the midchord (1/3 -span position) temperature was observed with
a coolant-to-gas flow ratio of approximately 0.0082. Although appreciable
blade temperature gradlents were reported, the results appeared suffi-
clently promising to warrant further experimental investigation of spray

cooling.

Because of 1lts apparent effectlveness, spray coolling was considered
as & means of reducing the leading- and trailing-edge temperatures of
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internally air-cooled bledes as well as standard solid blades of tur-
bojet engines. Turbine-cooling Investigations conducted at the NACA
Lewis leboretory with internally air-cooled blades demonstrated an
unequal chordwise blade temperature distribution with high leading- and
trailing-edge temperatures (refs. 5 and 6). The midchord temperatures,
however, were believed to be sufficiently low to permit turbine operation
at higher gas temperature levels if the leading- and trailing-edge tem-
peratures could be reduced.

With the assumption that spray cooling is sufficiently effective to
pernit engine operation et elevated speeds and gas temperstures, the
analysis reported herein was made to determine the thrust increase
obtaingble with a J33-A-9 engine using water-spray cooling and compressor
water injJection over a range of inlet-gas temperatures and engine speeds
gbove rated engine conditions (inlet—gas temperature of 1670° F and
engine speed of 11,500 rpm). These calculations justified further con-
sideration of spray cooling, and the experimental phase of the water-
spray cooling investigation reported herein was initisted at the NACA
Lewis laboratory with a modified J33 turbojet engine.

The engine was equipped with four internslly sir-cocoled Inconel
blades (similar in profile and febrication to blades 1 and 2 of ref. 5);
50, standard, solid, Haynes-Stellite 21 blades; and several water-
injectlion configurations. It was believed that the water entrance angle
as well as the water evaporation rate might affect the blede coverage.
Consequently three types of water-injection configurations were provided
in order to vary this angle and the evaporation rate. Because of their
locetion, high water-spray velocities may be obtained with two of these
configurations by utilizing the high-velocity gas stream; also, high
eveporation losses may occur as a result. of their location. The third
type of water-injection configuration, which was similar to that
employed in the British investigation, and which depended primarily upon
the limited pressure drop available in this installation across the
Injection nozzle for water-spray acceleration, may provide lower water
velocities but probably smeller evaporative losses. The water-injection
configurations were Investigated individually and in combination at engine
speeds of 4000, 8000, and 11,500 rpm. Internally air-cooled blades were
investigated over a liquid coolant-to-gas flow range from 0.001 to 0.0L7
(64 to 1690 Ib/hr) eand a constant alr coolant~to-ges flow ratio of 0.05
et engine speeds of 4000 and 8000 rpm. Sollid Haynes-Stellite 21 blades
were investigated over a range of liquid coolent-to-gas flow ratios from
0.001 to 0.0217 (64 to 5650 Ib/hr) end engine speeds of 4000, 8000, and
11,500 rpm.

APPARATUS

In order to conduct an investigation of spray cooling on a full-
scale aircraft turbine engine, necessery modifications were provided on
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a J33-A-8 turbojet engine which is rated at 11,500 rpm, a turbine inlet-
gas temperature of approximsastely 1670° F, and an alr flow of approximately
76 pounds per second. Since the effectiveness of spray cooling was to be
Investigated with internally air-cooled blades as well as standerd solid
blades, & cooling-air supply system in addition to a water-injection
system was provided. : .

Engline Modifications

Cooling-air supply system. - An independent cooling-alr supply sys-
tem similar to that employed in an experimental investlgation of air-
cooled turbine blades in a turbojet engine (ref. 7) was utilized. Fig-
ure 1 shows the engine tail-cone modifications. The cooling-air supply
system which was employed because of the four internally air-cooled
blades being investigated 1s described in detail in reference 7. Briefly,
blade cooling air was introduced through the engine tall cone to a tube
concentric with the center line of the turbine rotor. From this tube alr
was dellvered to the blades through four radial tubes welded to the rotor
face. These tubes supplied air to the blades through holes drilled from
the downstream rotor face to the bottom of serrated grooves holding the
blades. The two Inlet tubes through which cooling alr entered the tail
cone were enclosed by concentric tubes through which scavenge air was
passed to minimize the tempersture rise of the blade cooling alr.

Alr-cooled blades. - Alr-cooled blades simlilar to the one shown in
figure 2(a) were investigated. Four of these blades, displaced approxi-
mately 90° from each other, and fifty, standard, 4-inch-span, Haynes-
Stellite 21 blades (figs. 2(b) and 2(c)) were provided in the rotor
assembly. The air-cooled blades were fabrilcsted in a menner similar to
that described in reference 5 and consisted of untwisted, formed, Inconel
X shells with tapered walls. The blade shell was filled with tubes
extending from tip to base. The tubes were brazed to each other and to
the inner surface of the blade shell to increase the internal heat-
transfer surface area. The blade shell extended through the cast hollow
SAE 4130 blade base and was Nicrobrazed to the base.

Waeter-injection configurations. - Three types of water-injection
confliguration shown in figure 3 were provided. From the trailing-edge
type of injection configuration, water was dlscharged into the gas stream
through orifices provided. in the stator-blade trailing edge.. A 7/52-inch-
dlameter hole was drilled through the central portion of the stator blade

1
from the base to within 3/8 inch from the tip. Three holes 1g-inches apart

were drilled from the trailing edge to Intersect the central passage, and
S/ls-inch-diameter tubes were welded into these passages. The ends of
the tubes were welded shut and the desired orifice size drilled into the
tube ends. 8Six stator blades were modified in this manner. On four

bz g
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blades so modified and spaced 90o apart sround the stator ring circum-
ference, the orifice tubes were 1%—inches apart, with the lower tube

5/8 inch from the blade base. The other two bledes spaced 180° apart
were modified in a similar manner except that the lower orifice tube was

l% inches from the blade base. This was done to provide more complete

spanwise inJection coversge, and it was expected that such an installa-
tion would provide data as to the comparative effectiveness of various
spanwise injection stations. A 0.021-inch-diasmeter orifice size was
provided for the runs msde at 4000 and 8000 rpm. This diameter was
increased to 0.034 inch for operation at 11,500 rpm in order to achieve
the desired range of coolant-to-gas flow ratios.

From the suction-surface type of injection configurastion, water was
discharged into the gas stream through orifices provided on the suction
surfaces of the stator blades. A 7/32-inch-diameter hole was drilled
through the central sectlon of the stator blade from the base to within
5/8 inch from the tip. The required orifice size was achieved by drill-
ing three holes of desired diameter from the blade suction surfsasce to
intersect the central passage. Four stator blades spaced 90° apart were
modified in this manner. On two of these blades the orifices were

l%-inches gpart with the lower orifice 1% inches from the blade base.

The other two blades were modified similarly except that the lower
orifice was 5/8 inch from the blade base. A 0.021-inch orifice size
was provided for the runs made at 4000 and 8000 rpm. This diameter
was lncreased to 0.041 inch for rated-speed operation.

The third or inner-disphragm type of injection configuration merely
consisted of a hole drilled through the inmer ring of the stator dia-
Phragm betwegn adjacent stator blades. Two such configurations were
provided 180" apart. The hole dismeters were changed from 0.052 inch
after operation at 4000 and 8000 rpm to 0.099 inch for operation at
11,500 rpm.

Water supply system. - Clty water was utilized as the cooling-spray
medium. A three-stage constant-displacement-type pump provided with a
sultable by-pass arrangement raised the water pressure to 500 pounds per
square inch. Pressure regulators permitted selection of water-injection
pressures. Individual water lines were provided from the stator injec-
tlon configurations on the englne to a manifold downstream of the pump.
Manually operated needle valves on each line permitted operation with
the desired Injection configuration.

Instrumentetion

The engine instrumentation and the instrumentation required for
cooling-air flow measurements used in this investigation are described in

detail in reference 7. m
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Water-coolant measurements. - Water flow rates were measured by
nmeans of a calibrated rotameter. Bourdon gages were employed to determine
the water pressure. Water supply temperature was measured by means of a
thermocouple located within the manifold which supplied the water lines
leading to the individuel Injection configurations.

Blade instrumentation. - A total of 14 chromel-alumel thermocouples
(36-gage wire) were installed on four air-cooled blades at the locations
shown in figure 2(a). Thermocouples were also placed in the cooling-air
inlet passages of two blades near the blade root as described in refer-
ence 7. Six thermocouples were provided to obtaln the solid blade tem-
peratures at the locations shown in figure 2(b). The alr-cooled blades
were replaced by solid blades after engine operation at 4000 and 8000 rpm.
A total of 19 thermocouples were subsequently installed on silx solld
blades at the locations shown in Pigure 2(c) to obtain the solid-blade
temperature distribution during rated-speed operation. A slip-ring type
of thermocouple pickup similar to that described in reference 7 was
employed to achleve tramnsition from the rotating thermocouples to the
stationary measuring potentiometer.

EXPERTMENTAL PROCEDURE

The various water-injection configurations were investigated over a
range of operating conditions. The complete range of operating conditions
covered is presented in table I. For each injection configuration or
combination of configurations investigated, the engine speed was main-
tained constant while the water-coolent flow rate was varied from the
meximum value permitted by the installation to a minimum value as indi-
cated in teble I. A complete set of data was a8lso taken at zero water
flow for each injection configuration investigated. The same procedure
was followed at three engine speeds, 4000, 8000, and 11,500 rpm. Water
sprays were turned on simultaneously with the engine starts to minimize
thermel shock condltions in the blades throughout the investigetion. The
englne was shut down for blade inspection after a range of water flows
from meximmm to zero flow had been investigated with a particular injec-
tion configuration. The water flow rate was varied by manuelly adjusting
the water supply pressure. During operetion in which air-cooled blades
as well as solid blades were being investigated, cooling-air weight flow
was set by menually opersted valves in the alr supply line to maintain a
representative cooling-air flow equivalent to a total cooling-air-to-geas
flow ratio of 5 percent. The adjusteble exhaust nozzle was maintained
at the fully open position during engine operation at all speeds except
for several runs at the rated-speed condltion. The exhaust-nozzle posi-
tion was altered at rated speed to cobtain a variation in inlet-gas tem-
perature, and operation was conducted over a limited range of water-
coolant flow rates at each of these gas temperatures wlth an injection
configuration consisting of a coﬁbtnation of stator trailing-edge and

inner-diaphragm spray nozzles.

€082
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METHODS OF CALCULATION

It was assumed that thrust increases could be obtained with spray
cooling by operatlon at engine conditions sbove rated. Calculations were
made to determine the magnitude of those incresses and thereby esteblish
the extent of the usefulness of spray cooling.

Engine Thrust Calculations

Engine thrust calculations were made with the J33 engine for the
case of spray cooling and compressor water inJection for step increases
in turbine inlet-gas temperature from 1670° to 2000° F at various engine
speeds, from 11,500 rpm (rated engine speed) to 10 percent overspeed.

The compressor characteristics employed in the calculations were obtained
from reference 8 and are shown in figure 4. The lines of constant cor-
rected speed are somewhat idealized in that they consist of straight
segments, whereas the experimental constant-speed lines would be slightly
curved. The following major simplifying assumptions were made: (1) The
specific compressor work is constant for a given speed and compressor
water-injection rate, (2) turbine efficiency is constant and the turbine
stator is choked over the entire range considered, and (3) the exhaust-
nozgzle aresa mey be variled.

Spray cocling. - The following general method of thrust calculation
was employed: Temperature and pressure conditions at the exhaust nozzle
necessary for thrust determination were obtained as a result of a
position-to-position calculation of temperstures and pressures throughout
the engine. Standard sea-level static conditions were assumed at the
compressor inlet. Specific work was calculated from compressor-outlet
conditions for an engine operating line determined by means of curves
from reference 8. A S-percent pressure drop was assumed to occur through
the burners. §Stator-inlet total temperature was considered %o be the
independent variable. With a Mach number of 1 assumed at the stator
throat, conditions of static temperature and pressure at this polnt were
obtained from the following isentropic expressions:

Yy, - L

T /T = 1+ (—5—2—-)M2 (1)

o= o+ (2] 2

All symbols are defined in the appendix.
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The constant-speed lines given in figure 4 were then used to calcu-
late either the compressor pressure ratlio or the compressor welght flow
as the turbine inlet-gas tempersture was varied for a glven speed. Along
the horizontal portion of & constant-speed line, the pressure ratio was
read from figure 4, and the compressor welght flow was calculated by
means of the effectlve stator throet area glven in reference 8 with the
continuity relation. Reductlon In turbine inlet-gas temperature permits
a higher mass flow through the stator throat (specific volume of gas is
reduced), and the point of equilibrium operstion moves to the right along
the horizontal portion of the constant-speed line. When the vertical
portion of the constant-speed llne was reached and the turbine inlet-gas
temperature further decreased, the weight flow remained constant and the
compressor pressure ratio was calculated for equllibrium operation of the
compressor and turbine. Actual and 1deal total temperatures at the
turblne-rotor outlet were determined by eguating specific compressor and
turbine work. These quantitles can be expressed in several forms which
are related to each other in the following menner:

(Ab] _2)ge = cp,c(Té -T) = cp,t(Té - T4)(1 + £/a)

= cp (T - T4 g)(ng) (1 + £/a) (3)

Total pressure at the turbine-rotor outlet was then calculated by lsen-
tropic relations from the ideal total tempersture. This pressure was
assumed to exist at the exhaust nozzle since losses in the tall cone are
assumed to be negligible. The total temperature at the exhaust nozzle was
also considered identical with the actual temperature at the turbine-
rotor outlet except for the temperature reduction effected by evaporation
of the water spray. By neglecting the heat extracted from the gas to
bring the water to saturation temperature and superheating the steam,

this temperature reduction is expressed as

Wh
AT = ‘_f_.w_fi (4)
g%p,g,4

Since the exhaust nozzle was of the convergent type, thrust was cal-
culated by the following expression:

V -
F = j_”_gg_s + A5(p5 - pg) (5)

where

2083
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and

w

g = Wg + Wp + Wy , ) C

and Ag equals the area required to pass the total mass flow. For . -

nozzle pressure ratlios less than or equal to the criticel pressure ratio,
Pg equels pg. In this case Mg was computed from equation (2) and,

then, Tg from equation (l). For supercritical pressure ratios, Mgy
was set equal to unity and Pg and Ts were calculated from equa- '
tions (1) and .(2).

Compressor water injection. - The effect of injecting water into the —_
inlet of the compressor is to change the compressor cheracteristics. The o
pressure ratio and mass flow are increased, and the efficiency is usually
reduced. Therefore, before calculating thrust, the new compressor char- o
acteristics were determined for various amcunts of water injected. Ref-
erence 9 presents the change in characteristics with water-air ratio.

The basic pressure ratio, mass flow, and efficiency of the compressor of

reference 9 are sllightly different from those used in the calculations of

this report. Consequently, the change in compressor characteristics

effected by water injection for the engine of the present Investigation o
was taken to be in the same ratio as the change in characteristics pre- _ .
sented in reference 9. Except for the use of experimental data from '
reference 9, the calculation method for the water-air compression is L
similar to that used in reference 10, but for the purpose of completeness
the exact procedure 1is presented as follows: With water injected into o
the compressor, the campressive process was considered to consist of two

phases: the first, saturated compression; and the second, adiabatic

compression of the resulting water-alr mixture. With the incoming air -
assumed at standard sea-level conditions of pressure and tempereature and -
at & relative humidity of 50 percent, the enthalpy of the air at com-
pressor inlet was determined by use of a psychrometric chart. By means
of the enthalpy-entropy chart of reference 10, the pressure, temperature, oo
and enthalpy at the end of the saturation compression for any given .
water-air ratio and for constant entropy were obtained. With the :
compressor-outlet pressure known from the compressor characteristlcs, the o
ideal outlet temperature was determined as follows: ' Tl

Yézla-l S

1
- - P Yé,la (8)
2,5 _ “la,s 2N _

The ideal work of the adisgbatic compressive process was then determined
from

(Ahla 2) °p,a la(Té,s - TJl.a.,s) (7)
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The total idesl work of the compressor 1s the sum of the work of each
phase.

(Ahi-z)s = (Ahi-la)s + (Ahia-z)s (8)

For the case of compression of a saturated mixture of water vapor
and air over the total compressor pressure ratio, the second term of
eguation (8) is zero. The water-alr ratio for this case was assumed to
be that obtained from the enthalpy-entropy chart of reference 10 for
isentropic compression of a saturated mixture from compressor-inlet pres-
sure to compressor-outlet pressure. With the efficlency established by
the compressor characteristics, the actual work was found from the follow-

Ing equation:

(ani ) |
(Ab_2)ge =~ iczjs - (9)

When the actual work obtained from equation (9) was substituted into
equation (3), thrust was calculated by the same procedure as that
described previously for spray cooling except that equation (4) was
omitted.

Determinetion of Water Entraﬁée Angle Relatlve to

Plane of Rotor Rotation ' o

Tt may be assumed that the angle of entrance of the water spray to
the rotor blades affects the manner in which the spray is distributed over
the blade surface. An attempt was therefore mede to calculate the water

entrance angle relative to the plane of rotor rotation. The sbsolute and = -~

relatlive velocities of the water entering the rotor can be represented by
the following velocity dlagram:

If the absolute flow angle o (measured from the tangential direction)

is known, the relative flow angle B (measured from the tangential B
direction) can be computed for & range of water velocities from the equa-
tion :

Vy sin o ' o
tan B = j (10)
V. -V _cosa
r W
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where -
anrN
V, = ===
r 60

These equations were solved for a range of water velocities and engine
speeds of 4000, 8000, and 11,500 rpm for the blade midspan position

(r = 0.9167 foot) for the condition that the water entered the rotor at
an absolute angle equal to the stator-outlet angle of 29°. The stator
traliling-edge nozzles were specifically designed to provide water injec-
tion in this direction. For the other injection configurations, however,
this assumption of flow sngle is epproximately true only in the case that
the water is sufficiently accelerated by the gases s0 that the water and

gas flow directions are ldentical.

Derivation of Expression for Efficiency of Spray-Cooling Process

In order to provide a method of obtaining an indication of the
coolaent flow requirements for engine operation at conditions above rated
speed, a means of expressing the effectiveness®of the spray-cocling proc-
ess 1s necessary. For lack of & better term, this has been designated
es an efficiency. For any injection configuration considered, the effi-
clency of the spray-cooling process may be defined as the ratio of heat
extracted from the blades to the total heat required to evaporate the
coolant water. The efficiency mey be expressed in equation form as
follows:

o - Saac | ()

Qr,t

If the spray-cooling process -is considered in a nonrigorous manner, it
mey be assumed that the heat removed from the blade is equel to the heat
input to the blade by convection from the gas, with the temperature drop
through the water film around the blede neglected; and the following
equations mey be written:

Qw,ac = HS(Tg,e - mB,av)
and
Qw,T = Ywlrg

For a rotor-blade profile the gas-to-blade heat-transfer coefficient can
be expressed in terms of dimensionless numbers (ref. 11) as

0.33 _=—_ 7 (12)

Nu/Pr FRe
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By means of the methods of reference 11, the exponent Z and the coeffi-
cient F +were evaluasted for the J33 engine blade profile and found to be
0.75 and 0.06, respectively. In reference 12, the fluid-property terms
which appear in these dimensionless numbers are expressed as functions 'of
tempergture. In the present report the fluld properties were based on
the average temperature ground the blade midspan and expressed by the'
following equations:

0.70 ° - o
b=KTg gy : : =7

0.18. ' L . B
cp = KaTg ay ' =

.85 ' o
X = KSQB,&V S0 __ .. . . - . ..

where Kjp, K, and Kz are proportionality constants. The exponents in
the foregoing relations are the same as those used in reference 12.
Writing equation (12) in terms of the gas temperature and blade tempera-
ture, combining constants, including water and gas flow terms, and incor-
porating it in equation (11) yield the efficlency

0.75
S,e ( _ __.)... . . .-
—0.425 ‘&€ av
8V '
o 0.75
g

where K4 was found to be 1.024x10"6 and the temperatures in the ratio

g 0.75/m 0.425 5 iy O : .
g,e $B must be in “R. _ ;

Application of Expression for Efficiency of Spray-Cooling Process

Application to rated engine conditions. - The expression for the .
efficlency of the sprey-coolling process was applied to data obtalned from
a series of runs made at several gas temperstures and rated engine speed
with an - injection configuration consisting of a combination of stator
trailing-edge and inner-disphragm spray nozzles. Equation (13) was eval-
nated for each condition of gad temperature &and coolant flow investigated
at rated speed with thils water-injection configuration. The average blade
temperature was taken as an integreted average around the blade midspan.
Effective gas tempersture was considered to be the Ilntegrated average
blade temperature around the midspan for operation without spray cooling.

iin@NEIDENm;gggz
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Application to engine conditions above rated. -~ The expression for
efficiency was also applied to estimate the coolant flow rate required
for engine operation at temperatures and rotative speeds above the rated
condition. Blade centrifugel stress at the midspan section was calculated
for the engine speed under -consideration. The cenitrifugal stress was
multiplied by a stress-ratio factor of 3.25 to estimate the maximum
allowable blaede stress. The stress-ratio factor may be considered as a
safety factor and is defined in reference 5. A high stress-ratlo factor
of 3.25 was arbitrarily selected as a possible means of accounting for
large thermal gradients introduced in the blades by spray cooling.
Stress-to-rupture and yleld-strength data for Haynes-Stellite 21 alloy
and the maximum allowable blade stress, obtained as indicated above, were
used to determine the allowable blade temperature. Substitution of the
alldweble blade temperature and the effective gas temperature egulvalent
to the desired inlet-gas tempersture into equation (13) and use of the
relstion between effliciency, coolant flow, and gas flow, as determined
from data, provided the required coolant-to-gas flow ratld through en
iterative process. The effective gas tempersture was calculated from
the turbine-inlet conditions by the procedure of reference 7, which
utilizes the relation . .

- T T - T

T
A= _%Je g3 = g:¢e 8)3 (14:)
T 3~ T 3 ( )2
&> &, wg,S
a2dge .
&, g

where A is taken as 0.85. Although data indicate that the effliciency
of the spray-cooling process increases with 1ncreasing gas temperature,
the value of efficiency cbtained at 1260° ¥ and rated speed was used for
gll inlet-gas temperatures considered from 1670o to 2000° F. This intro-
duces an additional safety factor into the calculations.

RESULTS AND DISCUSSION

Results of both the analytical and experimentsl phase of this inves-
tigation are presernted and discussed. The results of each phase are pre-
sented separately and, where possible, the analytical assumptions are
considered in the light of experimental data.

An analysis was made to determine the effect on thrust of increased
engine speed and gas temperature for a J33-A-S turbojet engine utilizing
spray cooling and compressor water injection. Calculations were also’
made to determine the effect of water velocity on the water -spray
entrance angle to the rotor bledes.

Spray cooling. - The variation of calculated thrust at sea-level
static conditions with turbine inlet-gas temperature is shown in
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figure 5(a). The thrust increase sbove rated thrust is plotted for sev-
eral engine speeds up to 10 percent overspeed and for a coolant-to-gas
flow ratio of zero and 3 percent. A 3-percent dilution was chosen as
belng sufficiently large to indicate any significant changes in thrust
over the uncooled condition, and as being realistic from a spray-cooling
standpoint. The uncooled-engine operating limits determined from blade
material properties are indicated by verticel lines on the figure, and
lines of constant percent of design turbine-exit axiasl critical wveloelty
ratlo and compressor surge are also shown. = The dotted portion of the
curves represents an extrapolation from the calculated points to the
compressoy surge operating limit. The figure presents the thrust
increases availeble 1f it were possible to operate the engine at inlet-
gas temperatures and speeds above the rated condition without cooling.
The thrust increases are sbout one percent-less than for the 3-percent-
dilution spreay-cocled case, indicating that the amount of thrust incresase
is almost exclusively due to engine operation at higher energy levels.
The usefulness of spray cooling is to permlt engine operation at
increased gas temperatures in the range to the right of the vertical
stress-1imit lines, thereby achleving the large thrust increases shown
provided limiting locading of the turbine does not occur or the turbine
efficlency is not appreciably diminished. The lines of constant percent-
of-design axisl critical velocity ratio on figure 5(a) (computed for a
design velocity ratio of 0.7) indicate the range of operation permitted
by the turbine. For the J33 turbine a condition of meximum turbine work
probebly occurs for an exit axial critical velocity ratio gpproximately
10 percent higher than the design value. With the uncooled engine a
maximm thrust increase of spproximately 6 percent can be achieved for a
lO0-percent increase in the critical velocity ratio by lncreasing the
engine speed and decreasing the turbine inlet-gas temperature (achieved
by increasing the exhaust-nozzle opening) to prevent overstressing the
blades. If spray cooling with a dllution of 3 percent i1s adequate to
permit engine operation at a condition of 10 percent overspeed and a

turbine inlet-gas temperature of 2000° F, a thrust increase of 40 percent _

over the rated condition is possible with only a slight increase in the
turbine-exit axial critical velocity ratio. This operating condition is
cited as probebly representing the meximum obtainable without requiring
mejor mechanical modifications to the engine. .

In summation these calculetions indicate that large gains in thrust
are avalilable if the engine can be operated at conditlons of temperature
and speed sbove rated. These thrust increases are almost solely due to
operetion at higher energy levels. The increase in thrust due to the ~
addition of a water spray (3-percent dilution) is virtually negligible.

Compressor water injection. - The variation of calculated engine
thrust at sea-level static conditions with turbine inlet-gas temperature
for several compressor water-injection rates up to the saturation limit
and engine speeds up to 10 percent overspeed.is shown in figure 5(b).

o
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As in the previocus figure, the uncooled-engine operating limits are
indicated by vertical lines. Lines of constant percent-of-design turbine-
exit axial critical velocity ratlid and compressor surge are also shown.
For uncooled operetion and with compressor water injection, a thrust
increase of approximately 6 percent over the rated condition can be
achieved if the turbine-exit axlal critlcal veloclity ratio is restricted
to approximstely a 10-percent increase. As indicated in the previous
section, substaential thrust increases are avalleble by engine operation .
at increased energy levels; however, even greater gains may be achieved
by use of compressor water injection at these elevated engine operating
conditlions over the range where the operation is not limited by the
turbine. At the maximum water-injection rate these increases are of the
order of 10 percentage points above the zero water-injection condition
over most of the temperature range and all the overspeed conditions
considered. For 10 percent overspeed at & turbine inlet-gas temperature
of 2000° F, this additional thrust increase of 10 percentage points with
water injection is sccomplished with spproximstely & 20-percent increase
in the turbine-exit velocity ratio.

In figure 6 is shown the comgarison of the thrust increase obtain-
able at a gas temperasture of 2000~ F with simple spray cooling, with =&
combination of spray cooling and compressor water injection, and without
either method, if it is possible from a stress and serodynamic design
standpoint to operate the engine under all these conditions. From a
stress standpoint, operation at 2000° F without adequate spray cooling
would, of course, necessitate much stronger high-temperature materials
than are currently available. The percentage increase in thrust over the
rated velue is plotted against engine speed for constant turbine inlet-
gas temperature. At a turbine inlet-gas tempersture of 2000° F, the
maximm compressor water-injection rate (0.0403) plus a coolant-to-gas
flow ratio of 3 percent for spray cooling has been selected for compari-
son with the zero water-injection rate and the 3-percent-dilution spray-
cooled condition. The curve showing the combination of compressor water
injection and spray cocoling was obtained by adding the thrust increase
between the zero and 3-percent spray-cooled conditions to the thrust
incrgase obtained by compressor water injectlon at saturation flow =at
2000° F (fig. 5(b)). A minimum thrust increase with compressor water
injection of 9 percentage points and a maximum increase of 13 percentage
points occur at rated and 10 percent overspeed, respectively, over the
zero water-injection rate. It is therefore spparent thet the greatest
gains may be realized if compressor weter injection can be utilized at
elevated engine opersting conditiomns. The simple spray-cooled condition
for a 3-percent dilution provides only slightly greater thrust (l per-
centage point) than the umcooled condition or the zero water-injection
rate. It should again be noted that engine operation in the whole over-
temperature, overspeed range is not possible without spray cooling using
current turbine meterials. With the assumption that adequate spray
cooling can be achleved with a 3-percent dilutlon, a combination of spray
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cooling end compressor water injection, requiring a total dilution of
7 percent, will permit a S52-percent increase in thrust. Translated in

terms of water requirements for l-minute operation, which should be ade-

_quate for take-off application in an aircraft inastallatlon, this dilution

is equivalent to 45 gallons.

The compressor water-injection calculations indicate gemerally that
thruet increases.sbout 10 percentage points sbove the zero water-injection
rate can be aschieved over most of the temperature range and all the over-
speed conditions considered. This contrasts with a thrust increase of
only 1 percentage point calculeted as being obtainsgble with the gimple
sprey-cooled condition in comparison with a zero water-spray rate.

The results of this asnalysis are, of course, affected by the simpli-
fying assumptions cited previously. The analysis was made for &
centrifugal-flow engine, and the trend of the results 1s approximately
applicaeble to en axial-flow engine as well. These assumptions served the
purpose of simplifying the calculations, and their net effect upon the
final calculated results sppears to be negliigible.

Water-spray entrance angle - Calculations were made to determine
the effect of water velocity on the angle of incidence of the water
reletive to the plane of turbine rotation. - The results of these calcu-
lations are shown in figure 7. The angle of the water spray relative
to the plane of rotor rotation is plotted against the water velocity for
engine speeds of 4000, 8000, and 11,500 rpm. The curves for each speed
were determined for the blade midspsan position. The figure indicates '
that as the velocity of the water leaving the stator increases, the angle
of the water spray relative to the plane of turbine-rotor rotation
increases, and the water strikes the blade more nearly at the serodynamic
gas entrance angle. For engine speeds of 4000, 8000, eand 11, 500 rpm,
water velocltles of 700, 1400, and 2000 feet per second, respectively,
are required to provide the aerodynamic gas entrance angle of 123° meas-
ured fram the plane of rotor rotation. Water velocities of this megnitude
canmot be achieved simply by increasing the pressure drop across the _
injection nozzles. Such pressure-drop requirements would be prohibitive .
(a pressure drop of 26,500 1b/sq in. is theoretically required to pro-
vide a water velocity of 2000 ft/sec, whereas a, maximum value of about
500 Ib/sq in. was avalleble). .Thus it appeers that the water spray will
strike the blade suction surface unless the spray 1ls adequately accelera-

ted by the gas stream. This figure will subsequently be referred to when “i

the experimental results obtained from thils investigation are discussed

Experimental Results . o

The modified J33 engine under investigation weas instrumented to pro-
vide blade temperature distributions of internelly air-cooled bledes as
well as solid Haynes-Stellite 21 blades with spray cooling. Because of
the large renge of cooling and engine conditions considered and the great




2803

NACA RM ES53A23 17

number of temperature distributions obtained, only those for the injection
configuration giving the most favorable results over the entlire speed .
range are presented. These data may be applicable to other turbine
engines because of the wide range of engine speeds consildered.

Air-cocled blades. - The effectiveness of water-spray cooling with
internally air-cooled blades was Investigated at engine speeds of 4000
and 8000 rpm (tip speeds of 454 and 908 ft/éec) as & means of temporarily
augmenting the cooling achieved at the blade leading and trailing edges.
Typical chordwise and spenwise temperature distributions of internally
air-cooled blaedes obtalned at these speeds with two inner-digphragm
injJection nozzles'(see fig. 3) are shown in figure 8. A constant air-
coolant-to-gas flow ratio of 0.050 was provided, and blade temperature
distributions are shown for water-coolant-to-gas flow ratios of zero and
0.007L. The midchord blade temperature on the blade pressure surface is
plotted against the blaede span In figure 8(a). The midchord position
was selected as representing the temperature of the critical portion of
the blade. Space limitations imposed by the rotating thermocouple pickup
prevented obtaining a similer spanwise tempersture distribution for the
midchord position on the blade suction surface. For the spray-cooled
condition at both 4000 and 8000 rpm, the maximum temperature differencg

. in the blade is approximately 350° F. A temperature difference of 200 F
occurs at the same gpeeds for the simple air-cooled case. The greatest
degree of cooling is achieved over the lower portion of the blade, which
is nearer the spray source. Some cooling is achieved near the blade tip
as the water spray is swept outward along the blade surface by centrifugal
force. Similar trends of greater cooling over the lower portion of :the
blede occur with the other Injection configurations investigated, and
there is little difference between injection configurations insofar ss the
radial temperature distribution of air-cooled blades is concerned.

The chordwlise temperature distributions esround the blade midspan
shown in figure 8(b) are representative of the trends oceurring at all
water-coolant-to-gas flow ratios investigated end at ell spanwise posi-
tions with this inJection configuration. Cooling is achieved to a maxi-
mum extent near the leading edge on the suction surface with sgray
cooling. Decreases in blade tempersture of sbout 730° and 520° F from
the simple air-cooled case occur at this point during &peration at 4000
and 8000 rpm, respectively. The blade trailing-edge temperature is
reduced from the simple air-cooled case sbout 200° F on the pressure
surface and sbout 120° F on the suction surface. As shown in figure 7,
which is calculated on the basis that the water spray assumes the direc-
tilon of the gas flow, reasonsbly low water velocities were required at
these speeds to provide good coolant coverage on the blade pressure sur-
face. The chordwise temperature distribution in figure 8(b), however,
indicates that the water spray velocity is not sufficiently high for the
water to cool effectively on the pressure surface. It should also be
noted that the alr-cooled-blade leading edge is more blunt than that of
8 solid blede. Also, when such a blade is placed between two solid
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blades, the passage configuration is somewhat altered. These factors
probably affect the water-coolant coverage of the alr-cooled blades sas
well. At both speeds investigated the suction surface of the Internally
air-cooled blades is cooled more noticeably with spray cooling than the
pressure surface. It should be noted that conduction from one surface
of this type of blade to the other is prevented by the ailr space.
Slightly less effectilve cooling was obtained with the other Injection
configurations investigated, but no significant general change in the
cooling pattern was apparent.

No temperature data are available for spray cooling of air-cooled
blades at rated speed. Attempts at rated-speed (11,500 rpm) operation
resulted in repeated blade failures. Filgure 9 shows cracks at the root
of an air-cooled blade which were characteristic of all the air-cooled-
blade failures. The failures occurred in all cases &t the brazed fillet
between the shell and base of the blade and appear to have originated
near the leading edge. This is probebly dué to unequal thermal expansion
resulting from the high temperature differences occurring at this point
on the blade, a&s indicated by the chordwilse temperature distribution of
figure 8(b). As a consequence of these repeated failures, it does not
appesr that water-spray cooling utilizing injection configuations such
as those employed in this investigation is a satisfactory method of
augmenting the cooling at the leading and trailing edges of this type of
internally air-coocled blade.

Standard blade spray pattern. - Use of ordinary water in the spray-
cooling process results In the deposition of minerals on the blade sur-
fece. The pattern obtained 1s hereln referred to as the blade spray
pattern and provides a visual means of interpreting the blade temperature
distributions cobtained. Figure 10 shows such a spray pattern ocbtained
at rated-speed conditions with a combination of tralling-edge and linmner-
dlaphregm Injection configurations. This particular pattern was chosen
for 1llustration because it provided the greatest clarity of all those
avallable. The spray pattern on the suction surface 1s shown in fig-
ure 10(a). An area of deposition is apparent over the blade surface.
Each heavy white line consists of mineral deposits from the water and
probebly represents‘the boundery between the wetted and unwetted portions
of the blade surface. The orderly pattern of the lines of deposition
evidently correspond to different values of coolent flow. As the flow
rate was increased, more of the blade surface was wetted by the coolant.
After a certailn rate was reached, further increases probsbly resulted in
the spray being swept off the blade without wetting any more of the blade
surface. Figure 10(b) shows the pattern on the pressure surface of the
blade for the same operating condition. A definite boundary between the
wetted and unwetted surfaces is not apparent from the spray pattern. The
vague pattern indicates that some water appsrently evaporated from this
surface without actually wetting the surfece. Thus 1t appears from a
consideration of the spray pattern that there is a definite tendency for
the water to strike the blade suction surface, indlicgting that the water
does not enter the blades at the aerodynamic gas entrance angle.

..€082



<082

NACA RM E53A23 = 19

i+

Spray cooling of standard blades. - In figure 11 are presented the
spanwlse and chordwise blade temperature distributions of standard rotor
blades obtained with the inner-disphrzgm type of injection configurstion
at engine speeds of 4000, 8000, and 11,500 rpm. The deta are presented
for coolent-to-gas flow ratios of 0.0072, 0.0077, and 0.0089 for these
respective engine speeds and for zero coolant flow at each of these
speeds. An attempt was made to provide a comparison at a constant .
coolant-to-gas flow ratio for all speeds; however, the coolant-to-gas
flow ratio of 0.0089 (2360 pounds of coolant per hour) was the minimm .
obtained at 11,500 rpm and 0.0077 was the maximum obtaineble at 8000 rpm
with this type of injection configuration. The spanwise temperature dis-
tribution is shown in figure ll(a). At the blade tip and root sectlons
for the runs at 4000 snd 8000 rpm, only one midchord temperature was
avallsble; consequently all temperatures plotted are for the midchord
position on the suction surface. It appears that spray cooling is
rather effective since a maximm temperature reduction of epproximately
900° F is obtained at rated speed wilth a coolent-to-gas flow ratioc of
less than 1 percent. The smallest radial temperature dlfference (1500 F)
occurs at rated speed. This is only 50° F greater than the radisl tem-
perature difference occurring at the uncooled condition and should not
have a noticesgble effect upon the blade stress slong the midchord posi-
tion. A more pronounced radial temperature difference occurred at rated
speed with the other type of injection configuraetion investigated. The
apprecigble temperature difference of 440° F which occurred &t an engine
speed of. 8000 rpm could probably be decreased by operation at a somewhat
higher coolant flow rate. A somewhat smaller temperature difference
occurred with other injection conflgurations investigated at. a similar
coolant-to-gas flow ratio end an engine speed of 8000 rpm, although the
temperature difference wes more pronounced gt rated speed with these con-

figurations.

A chordwise temperature distribution around the blade midspan is
shown in figure 11(b) for the spray-cooled asnd the uncooled case. With
a coolgnt-to-gae flow ratio of 0.0089, the blade trailing—edge temperature
ls 850" F at rated speed and represents a reduction of 400° F in the
trailing-edge temperature. A maximum temperature dilfference of sbout
600° F between the leading and trailing edge and an aversge midspan blade
temperature of 500° F, as compared with an uncooled bladée temperature of
sbout 1260° F, occurred, which mekes the inner-disphragm injection con-
figuration sppesr relatively promising. Runs with incomplete instru-
mentation indicated that increased coolant flow decreased the leading-
edge temperature but did not reduce the trailing-edge temperature
appreciaebly, thereby increasing the temperature difference across the
blede. The temperature distributions on the pressure and suction sur-
faces of standard blades when spray cooled are generally more symmetri-
cal gbout the leading edge than for the case of internally air-cooled ’
blades which are spray cooled. This is due to conduction through the
blade metal which prevents large differences in temperature level

between.the blade surfaces.
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Another feature shown here is the effectlve cooling achieved at the
blade trailing edge at 4000 and 8000 rpm, and the much less effective
cooling of the trailing edge which occurs at 11,500 rpm. The changing
shape of the chordwise-temperature-distribution curve may be explained by
a coneideration of figure 7 and conlecture as to the probable path of the
water spray as well as reference to the spray pattern shown in figure 10.
Figure 7 indicates that for engine speeds of 4000, 8000, and 11,500 rpm,
water veloecitles of 700, 1400, and 2000 feet per second, respectively,
are required for the water to strike the blade near the aerodynemic gas
entrance angle. Tt is assumed that, 1f the water velocity is sufficient
to strike the blade at this angle (123° at the midspan blade position),
it will be deposited along the pressure surface of the blade and will _
effectively cool the trailing edge. If the water spray strikes the rotor
blade at a smaller engle, however, so that it is deposited along the
suction surface, it is less likely to follow the blade contour and mey be

swept off the blade near the midchord position. As a result, the tralling

edge will not be well cooled. This conjecture seems to be corroborated
by the typical spray pattern obtained with a standard blade at rated

gpeed. The veloclty of 700 feet per second required for water entrance at

the aerodynemic gas entrance angle at 4000 ¥pm is probably attained by the
water spray because of the ascceleration by the gas stream. At 8000 rpm
the trailing edge is not so well cooled and the suction-surface midechord
temperature is slightly lower than the pressure -surface mldchord temper-
ature. In this case it is probable -that some of the spray is accelerated
to a speed of 1400 feet per second, thus wetting the pressure . surface,
while the remainder is not sufficiently accelerated, causing it to strike
the suction surface. At 11,500 rpm the required water velocity of

2000 feet per second apparently is not achieved, and only the leading
portion of the rotor blade (paerticularly on the suction surface) is o
effectively cooled, as Indicated by the spray pattern of figure 10.

The inner-disphragm type of injection configuration was the only one
which cooled the trailing edge effectively &t both 4000 and 8000 rpm.
The large temperature difference sascross the blade as a result of the high
leading-edge temperatures at these speeds can probably be decreased by
use of & copbination of stator tralling-edge and lnner-disphragm injection
nozzles since the former type always provided excellent cooling at the
rotor-blade leading edge when tested individually. Such a nozzle combina-
tion was not checked at low engine speeds. At rated speed, however, this
suggested nozzle configuration provided lower leading-edge temperatures
(by about 100° F) than the simple inner-diaphragm configuration. The
disedvantage of installation difficulties with stabtor tralling-edge
nozzles, however, overbalances the slight gain In cooling obtained. In
view of the high chordwise temperature gradients obtained at rated speed
with all the injection configurations investigated, further research 1s

indicated.

Two blade fallures, one an instrumented blade with considerable blade

metal removed to mccommodate the thermocouple installetion, occurred during
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rated-speed operation, probaebly as a result of large blade temperature
differences, with an injection configuration consisting of stator-blade
suction-surface nozzles. Whether or not similer failures msy occur with
the inner-diephragm type of injection configuration under more severe
operating conditions can only be determined by actual test. It should

be noted that under certain conditions, combat maneuvers, for example,
more severe shock conditions will be encountered by the blades in an air-
craft spray-cooling application than in this investigation. This is due
to the necessity of injecting the water spray while the turbine is being .
operated at maximm power and the blades are approximately at gas tem-
perature. Failure due to thermel shock is recognized as a separate
problem requlring investigation, but one that is not belleved to be Iinsur-
mountable. In the present investigation, however, an attempt was made to
minimize this problem by inJecting the water simultaneously with the
engine starts in order that data as to the general cooling effectiveness
of spray cooling might be obtained more readily.

Comparison of weter-injection configurations. - A comparison of the
reductions in blaede temperature obtainsble by water-spray cooling with
several configurations at rated speed is given in figure 12. The differ-
ence between the effective gas temperature Tg,e end the average blade

temperature EB,av integrated around the blade periphery at the midspan

position is plotted against the coolant-to-gas flow ratio. The date are
plotted as a temperature difference to mask out the effects of small
changes in gas temperature which ocecurred during engine operation with
these injection configurations. The comparison is valid only for the
conditions at which the engine was operated and does not reflect the
existence of large temperature dlfferences in the blade. It cannot be
used as a correlation method sulteble for extrapolation to other operating

conditions

For &ll the nozzle configuretions considered, a rapld increase in
blade cooling occurs up to a coolant-to-gas flow ratio of 0.010. Beyond
this dilution the degree of cooling does not increase rapidly with
increases in coolant-to-gas flow ratio. OFf the injection configuretions
for which there were sufficilent data to meke this comparison, the one
which employs inner-diasphragm nozzles indicates a high degree of effec-
tiveness, as expected. However, it appears that the stator-trailing-edge
configuration by itself is also highly effective. This results from the
fact that the stator-trailing-edge configuration tends to cool the lesding-
edge portion of the rotor blade excessively, thus providing & lower
average rotor-blade temperature and resulting in a large chordwise thermsl
gredient. Use of the inner-dlaphragm type of injection nozzle provides
more even cooling around the blade periphery.

The combination of stator suction-surface and trailing-edge nozzles
provided the least effective cooling of all the configurations shown in

o




a2 NACA EM E53A23

the figure. .The limited data (not shown) obtained with stator suction-
surface nozzles alone at rated speed indicated slightly less effective
cooling than when these nozzles were operated in combination with stator
trailing-edge nozzles. Although a data comparison is not shown, it
should be noted that the variation In the spanwise positioning of the
nozzles along the stator-blade suction surface and trailing edge (three
nozzles per blade spaced equal distances apart, but located closer to

the blade base in one case than the other) resulted in slight differences
in the cooling effectlveness achieved, the lower position being better in
all cases. The limited data availeble indicate that the inner-disphragm
nozzles by themselves cooled slightly better. than the combination stator
trailing-edge and immer-disphragm injection configuration. Neither the
stator suction-surface nozzles nor the inner-diaphragm nozzles were
operated over a complete coolant-to-gas flow range individually because
of thermocouple instrumentation difflculties. Conslderation of &ll the
factors involved in a comparison of injection configurations Indicates
that the inner-diasphragm injection configuration besides cooling effec-
tively 1s also the most desirsble of the types investigated from the
standpoint of installaetlion and maintenance ease. Much of the complicated
drilling and welding required for the other configurations is eliminated
in the original installatlon. Also, difficulties with the development

of welding cracks during engine operation such as occur around the stator
trailing-edge nozzles are eliminsted and almost unlimited operation with-
out nozzle repeair can be achileved.

Compearison of the manner in which the number of injection statlons
around the stator-ring circumference affects: cooling cannot be shown
readily by means of a plot similar to that of figure 12 because insuffi-
clent data are availgble. Results at 4000 and 8000 rpm Indicated that
s8lightly better cooling occurred when two rather then four Injection
stations around the stator-ring clrcumference were employed. Use of one
injection station decreased the cooling effectiveness, indicating that
concentration of the spray ls beneficial only to & point. There is not
sufficient data, however, to provide a complete comparison, and definlte
conclusions cannot be drawn. ’

Extrapolation of spray-cooled data. - In order that some indication
mey be obtained as to the amount of water required for englne operation
in the range of high gas temperatures and overspeed, an extrapglation was
made from deta obtained &t rated speed and et three gas temperstures
with an injection configuration consisting of a combination of inner-
diaphragm snd stator trailing-edge nozzles. Figure 13 shows the experi-
mental data upon which the extrapolation was based. The efficiency of
the spray-cooled process .
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is plotted against ww/wg for several effective gae temperatures.

The efficiency reaches a maximum for a Tg,e of 1260° F at a value of

the coolant-to-gas flow parameter of 0.0275. More cooling can be
effected at higher values of the coolant-to-gas flow parameter, although
the efficiency of the process decreases. Additional data to verify this
trend are not available since the rated-speed data were obtained last and
failure of the weld seams around the stator-trailing-edge-nozzle injec-
tion stations prevented further operation.

The results of the data extrspolation with the lowest or most con-
servative curve of figure 13 sre presented in figure 14. The required
coolent-to~-gas flow ratio_is plotted asgainst turbine inlet-gas tempera-
ture for various overspee& conditions. A coolant-to-gas flow ratio of
3.15 percent (equivalent to a coolant flow rate of 20 gal/min) is
required for operation at an overspeed of 10 percent and a turbine inlet-
gas temperature of 2000° F. This coolant flow is approximately 30 per-
cent larger than the calculated fuel flow at this operating condition.
Engine operatlon at 5 percent overspeed and at the same gas temperature
can be achleved with less than one half the amount of coolant flow
required for the condltion of 10 percent overspeed.

The posltioning of these curves is largely dependent upon the value
of the stress-ratio factor selected since it is necessary for deter-
mining the alloweble blade stress. . Since the extrapolation method is
based on an average midspan blade temperature, a stress-ratio factor of
3.25 was arbitrarily selected in order to account for additional blade
stresses induced by temperature gradients such as existed in the blades
at reted engine speed. This value is more than twice as great as that
employed for an air-cooled-blade design which has been operated at _
rated engine conditions (ref. 5) and sgbout three times as greaet as that
employed for standard Haynes-Stellite 21 blades in the J33 engine.
Whether use of such a safety factor is adequate to account for the
adverse effects of high temperature differences is not known, and there-
fore too much significance should not be placed upon the rather opti-
mistic results indicated in figure 14. However, these results serve to
indicate that relatively small quantities of water are involved in the
application of spray cooling to achleve the large thrust increase avail-
eble from engine operation at conditions sbove rated. To achieve an
inlet-gas temperature of 2000° F and an overspeed condition of 10 per-
cent with the injection configurstion investigated requires a spray-
cooling-process efficiency of approximately 13 percent, 1f a stress-ratio
factor of 3.25 is assumed. This value is considersbly less than the
maximum efficiency attainable shown in figure 13.° It is interesting to
note what spray-cooling efficiency may be required at the maximum engine
operating condition for rated speed calculated in figure 5(a) (inlet-gas
temperature of 2400° F) with the limiting 3-percent dilution designated.
If a more realistic stress-ratio factor of 2 is adequate to account for
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the effect of stresses introduced by temperature gredients, s spray-
cooling-process efficiency of approximately 15 percent would be required

at this opereting condition.

In genersl, the experimental phase of the investigation indicated
that the best cooling from an over-all standpoint was schieved with the
inner-disphragm type of injection configuration. ZEven with this config-
uration & high stress-raetio factor will probably be required to account

for large tempersture differences in the blade if operation at overspeed,'

over-temperature conditions is contemplated, Finally it appears that
coolant-to-gas flow requirements are of the same order of magnitude as
those originally deemed realistic and considered in the analytical por-

tion of the investigation.
 J

SUMMARY OF RESULTS

The following results were obtained from an investigation of water-
spray cooling conducted with a modified J33-4-9 turbojet engine:

1. With the assumption of adequate spray cooling at & coolant-to-gas
flow ratio of 3 percent, calculetion for a modified J33 engine at sea-
level static conditions indicated that a thrust increase up to 40 per-
cent over rated thrust may be achieved by engine operation at an inlet- .
gas temperature of 2000° F and an overspeed of 10 percent. A calculated
thrust increase of 52 percent may be achieved with a total coolant-to-
gas flow ratio of 7 percent. if compressor water Injectlon can also be

epplied at these conditions.

2. Water-spray cooling as a means of temporarily augmenting cooling
at the leading and tralling edges of air-cooled blades was not satis-
factory for the water-lnjection configurations used in thls investigetion.
Repeated blade failures occurred at the brazed Junction between the blade
shell and base, probebly as & result of large blade temperature differ-.
ences when rated-speed operation was attempted with spray cooling. Two
standerd Haynes-Stellite 21 blades (one an instrumented blade having con-
sidereble metal removed) falled during spray-cooled operation at rated
engine speed. Both failures were probably caused by large tempersture
differences induced by spray cooling.

3. With the use of inner-diaphragm nozzles, water-spray cooling of
standard Haynes-StelliteOZl.blades resulted in an average midspan blade
tempersture of sbout 500 F at rated-speed operation with a coolant-to-
gas flow ratio of 0.0089, as compared wlth an uncooled blade tem gerature
of gbout 1260° F. A maximum temperature difference of ebout 600
between the blaede leading and trailing edge occurred at this Operating
condition. No appreciable radial temperature difference was dbserved et
the rated condition.

2803
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4. A1l injection configurations investigated provided high chordwise
tempersture gradients in the blades at rated-engine-speed operation.

5. An injection configuration consisting of spray nozzles located
in the inner ring of the stator diaphragm appeared to be the best of all
the configurations investigated from the over-all standpolnt of cooling
effectiveness, installation, and maintenance.

6. Calculaetions based on strength properties of the blade material,
an arbitrary stress-ratio factor, and'extrapolatibn of rated-speed spray-
cooling data indicated a spray-cooling rate of 20 gallons per minute was
required to permit operation of this engine at an inlet-gas temperature
of 2000° F and an overspeed condition of 10 percent. This Flow rate is
approximately 30 percent larger than the calculated fuel-flow require-
ments at this operating condition.

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio
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APPENDIX - SYMBOLS
cross<sectional area, sq ft
velocity of sound, ft/sec
specific heat at constent pressure, Btu/(1b) (°F)
specific heat at constant volumé;’Btu/(lb)(oF)
thrust, 1b

constant

fuel-air ratio : . -

acceleration due to gravity, :E‘t/sec2

gas-to-blaede convection heat-transfer coefficient,

Btu/(eq £t)(sec)(OF)
enthalpy based on stegnation condition, Btu/ib
heat of evaporation, Btu/lb o
mechanical equivalent of heat, 778 ft-lb/Btu
constents A s
thermal conductivity, Btu/(£t)(sec)(°F)

Mach number, V/a

engine speed, rpm

'Nusselt number, Hx/k

Prandtl. number, cPu/k

gas static pressure, lb/sq ft o S B
gas total pressure, lb/sq £t

rate of heat flow, Btu/hr

gas constant, ft/OR'

Reynolds number, pVx/u
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Subscripts:
a
ac

av

radius, ft

blade surface &rea, sq £%.

temperature, or gas static temperature, °R or OF
gas total temperature, °R or °F

gas total temperature relative to rotor, OR or °F
gbsolute velocity, £t/sec

relative velocity,'ft/sec

weight flow, 1b/sec

characteristic dimension, £t

exponent

stafor outlet angle, deg

angle relative to plane of rotor rotation, deg
ratio of specific heats, Cp/cv

»'/p,

efficiency

T /T,

recovery factor

viscosity, Ib/ft-sec

gas density, Ib/cu £t

efficiency of spray-cooling process

air
actual
average

blade
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TABLE I. - RANGE OF OPERATING CONDITIONS
Blade Enginel Water- Effective Air- Water-coolant-
type speed,| injection gas coolant-i to~-gas flow
rpm configuration® temperature,|to-gas |ratio
op  |flow
ratio
Alr cooled 4000|{ One T.E. {low) 1130 0.05 |0.0017 to 0.0056
(£ig. 2(a)) Two T.E. (low) 1150 .0031 to .01l
and Four T.E. (low) 1150 .0044 to .0OL7
standard One S.8. élcw) 1125 .0010 to .0043
(rig. 2(b)) Two S.S. (low) 1150 .0023 to .0085
Two S.S. (low)
and.
two S.8. (high) 1150 .0030 to .017
One I.D. 1140 .0021 to .0084
Two I.D. 1150 .0047 to .017
8000|Two T.E. (low) 1040 0.0021 to 0.0062
{Four T.E. (low) 1080 . .0015 to .012
Two T.E. (low)
and
two T.E. %high) 1020 .0027 to .010
Two 8.8. (low)
and
two 8.5. (high) 1070 .0032 to .0089
Two I.D. 1050 .0019 to .0077
Standard 11,500 |Two T.E. (low) [1240 to 1270 0.0071 to 0.010%
(£ig. 2(c)) Four T.E. (low) {1270 to 1470 .0012 to .0185
Two T.E. (low)
and .
two S.8. glow) 1220 .0059 to .0217
Two T.E. (low)
and :
two I.D. 1260 to 1470 .0053 to .0214
Two I.D. . 1272 .0089

aT.E., stator-blede trailing-edge nozzles; S.S., stator-blade suction-
surface nozzles; I.D., nozzles located in inner ring of stator diaphragm;
(low), nozzle group located nearer to blade base; (high), nozzle group
located nearer to blade tip.
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Figure 1. - Bectlon of J33-A-9 engine showing a water-spray-injection coofiguration and modifications neceggary to provide
cooling air to four blades. )
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{a) Air-cooled blade with thermocouple-

Instrmmentation locations used at
engine gpeeds of 4000 and 8000 rpm.

Z

(b) 80lid blade with thermocouple-
instrumentation locations used at
engine speeds of 4000 and 8000 rpm.

¢ Thermocouple location

(c) 80lid blade with thermocouple-

instrimentation locations uged at
engine speed of 11,500 rpm.

Figure 2. -~ Types of rotor blade used in Investigation.

2e

CIVESHE W VOWN




..

-

Tralling-edge con-
figuraticn, water-

: ‘ . 2803 :

Og

g
g
=
i
5

Injection nozzles—ﬁ\

Suctlon-surface conflguration,
vater-injeotion nozgles

Water aupply tubes

vy
Inmer-diagram conflguraticn, / Lﬁé \*_‘@7

water-injection nogzle

Figure 3. - View of the types of water-ppray-injection configuration investigated.
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Thrust increase above rated, percent
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(a) Thrust increasse available with and without spray cooling provided
engine could be operated over this range of condlitions.

Figure 5. =~

Calculated sea-level static-thrust increase available with

J33-A~9 englne at elevated operating conditions.
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Figure 5. - Concluded. Celoulated sea-level statlc-thrust increase 'available
with J33-A-9 engine at elevated operating conditlons.
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Calculated thrust increase, percent
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Figure 6. - Comparison of calculated static sea-
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engine &t turbine inlet-gas temperature of
2000° F for varlous overspeed condltions.
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Angle relative to plane of rotation at midspan, 8, deg
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Figure 7. - Bffect of water velocity on engle of incidence of water
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Midchord blade
temperature, OF

Midspan blade temperature, OF
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1200

O b — 1 —_—Oe | e | = - e - —O- o)
fo—— ! _ oo de—n
L e P
-ﬁ -
800 Q\\\ 4 P
S -~ 0
-~ ~ - -
~ ™ ) ~ P e -
400 =
Pressure surface Suction surface W
0 ] | ! ! ! i

Treiling edge " Leading edge Trailing edge
Chordwise distance
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Figure 8. - Typlcal temperature distributions for air-cooled blades
obtained at engine speeds of 4000 and 8000 rpm with an sir-coolant-

to-gas flow ratio of 0.050 and e water-coolant-to-gas flow ratio
of 0.0071. The inner-dlapbragm type of water-injection configur-

ation was used.
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Figure S. - Base of air-cooled blade shovwing cracks in fillet which are typical of
air-cooled-blade failures.
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